The paper reports on characterisation of titanium dioxide and coprecipitated TiO 2 -SiO 2 composite material functionalised with selected alkoxysilanes. Synthetic composite material was obtained by an emulsion method with cyclohexane as the organic phase, titanium sulfate as titanium precursor, and sodium silicate solution as precipitating agent were applied. Structures of titania and composite material samples were studied by the wide angle X-ray scattering method. The chemical composition of TiO 2 -SiO 2 composite material precipitated was evaluated based on the energy dispersive X-ray spectroscopy technique. The functionalised TiO 2 and TiO 2 -SiO 2 composite material were thoroughly characterised to determine the yield of functionalisation with silanes. The characterisation included determination of dispersion and morphology of the systems (particle size distribution, scanning electron microscope images), adsorption properties (nitrogen adsorption isotherms), and electrokinetic properties (zeta potential).
Introduction
An increased interest in inorganic oxide systems has prompted the dynamic development of methods for their synthesis and functionalisation. This interest stems from their specific physicochemical properties such as specific surface area or stability, which are vital for the production of composite systems, for example, TiO 2 -SiO 2 composite materials [1] [2] [3] [4] [5] . The stability of unmodified and modified commercial and synthetic oxide systems depends significantly on the character of their surface (especially the surface groups). Changes in the chemical structure depend mainly on the type of functional group introduced on the surface of the support and are mainly responsible for the nature of chemical interactions [6, 7] . Specific applications of such oxide systems or their derivatives require well-defined physicochemical parameters, especially electrokinetic behaviour (zeta potential), specific surface area, low tendency to form agglomerate structures, and hydrophobic/hydrophilic surface character [8] [9] [10] . The physicochemical properties of the functionalised commercial and synthetic oxide systems depend mainly on the effectiveness of the modification process and its implementation [11, 12] . The effectiveness of inorganic oxide systems' surface functionalisation is evaluated on the basis of adsorption properties, dispersion and morphological characterisation, hydrophobic/hydrophilic properties, and chemical interactions, as well as electrokinetic measurements [8] [9] [10] [11] [12] [13] [14] .
Titanium dioxide is mainly used as a pigment, adsorbent, semiconductor, ceramic material, and catalytic support [2] . Titania is regarded as the best photocatalyst for the oxidation of organic pollutants in water and air [15] [16] [17] [18] . The photocatalytic properties of titania are affected by several factors, such as crystal structure, morphology, specific surface area, and porosity [19] . It is well known that titania occurs in three different types of crystal phases: anatase, rutile and brookite. Anatase has the highest photoactivity. However, the photocatalytic properties of TiO 2 occurred as a mixture of anatase and, rutile, with appropriate ratio are higher than that of the pure anatase [20] [21] [22] .
Titanium dioxide can be synthesised by various methods, such as solvothermal [23] [24] [25] [26] , hydrothermal technique [27] , precipitation [28, 29] , reverse micelle or microemulsion systems [30, 31] , sol-gel [2, [32] [33] [34] [35] , and thermal decomposition of alkoxides [36] . The properties of TiO 2 synthesised by different methods vary in terms of crystal structure, chemical composition, surface morphology, crystal defects, and specific surface area [37] . The sol-gel method is widely used to prepare nanosized TiO 2 ; the precipitated powders obtained are amorphous in nature and further heat treatment is required for their crystallisation. This calcination process will inevitably cause grain growth and reduction in surface area of particles, and even induce phase transition. Hydrothermal synthesis, in which chemical reactions can occur in aqueous or organic media under self-produced pressure at low temperature (usually lower than 250
• C), can solve the problems encountered during the sol-gel process. This automatically raises the effective boiling point of the solvent, which in a decisive manner helps manage the entire process. This technique is also called solvothermal [24, 38, 39] , while in the special case where the solvent is water, it is often called hydrothermal. The solvothermal method is an alternative route for onestep synthesis of pure nanosized anatase [40] . Particle morphology, grain size, crystalline phase, and surface chemistry of the solvothermal-derived TiO 2 can be easily controlled by regulating precursor composition, reaction temperature, pressure, solvent properties, and aging time [40] . Preparation of inorganic composite materials on laboratory scale allowed control of their physicochemical properties and also gives a possibility of their surface functionalisation with selected organic compounds [41, 42] .
The stability of inorganic particles in the aqueous phase is of significant importance for their applications. Physical properties of particle suspensions depend on the behaviour of aqueous dispersions, which is especially sensitive to the electrical and ionic structure of the particle/liquid interface. Relationships between surface charge or zeta potential and stability of nanoparticles in water have been studied in a variety of systems. However, the role of ions specifically adsorbed on nanoparticles is not yet well understood. For a suspension, zeta potential is an important parameter which reflects the intensity of repulsive force among particles and stability of dispersion [43] . Zeta potential is crucial for stability control of TiO 2 nanoparticles in suspensions and for the adsorption properties of TiO 2 nanoparticle surfaces. Many authors have shown that the zeta potential of particles depends on several factors, such as the chemical composition of particle surfaces, the composition of the surrounding solvent, pH value, and the presence of ions in the suspension [44] [45] [46] [47] [48] [49] [50] . Titania nanoparticles show a wide range of surface adsorption and optical properties which depend on their shapes and sizes and which correlate to photocatalytic activity [51] [52] [53] [54] [55] . Determination of zeta potential will help establish the effect of preparation conditions on the electrokinetic behaviour of TiO 2 nanoparticles [56] .
Knowledge of the oxide/water interface structure is important to understand a large number of properties of oxide-rich porous media and colloid suspensions of oxides [43] [44] [45] [46] [47] [48] [49] 57] . Electrokinetic properties of fine particles in an aqueous solution, such as the isoelectric point (IEP) and potential determining ions (PDI), are essential in order to understand the adsorption mechanism of inorganic and organic species at the oxide/solution interface. They also govern the phenomena of flotation, coagulation, and dispersion in suspensions [58] .
Electrochemical properties are frequently characterised in terms of zeta potential and isoelectric point [48, 59] . The zeta potential is the potential at the shear plane (located approximately between the compact and diffuse layers) between a charged surface and liquid moving with respect to each other. The isoelectric point is the pH at which the zeta potential is zero, that is, the pH value at which the net charge of the membrane is globally zero. There are several procedures, including microelectrophoresis, streaming potential measurements, and electroosmosis, that allow determination of the zeta potential [60] .
The most important problem studied was the surface functionalisation of commercial titanium dioxide and TiO 2 -SiO 2 composite material with selected alkoxysilanes. The silane-grafted titanium dioxide and TiO 2 -SiO 2 were thoroughly characterised to determine the yield of functionalisation with silanes. The study was undertaken mainly to evaluate the effectiveness of surface character changes on the basis of measurements of dispersion, morphology, adsorption capacity, and zeta potential of the functionalised titania and, TiO 2 -SiO 2 composite material.
Experimental Section

Materials.
The materials studied were commercial pigments of titanium dioxide under the name Tytanpol, made by Chemical Works Police SA: A11-anatase with untreated surface, R001-rutile with surface treated with aluminium compounds (3% Al 2 O 3 ) and hydrophilic organic compounds, R213-rutile with surface deeply grafted with alumina and silica (4.7% Al 2 O 3 , and 8.3% SiO 2 ), and hydrophilic organic compounds, produced by the sulfate process. In the sulfate method TiO 2 is obtained from ilmenite ore treated with a concentrated solution of sulfuric acid. Another material studied was TiO 2 -SiO 2 composite material. The composite material was coprecipitated, using a method proposed by the authors, in the emulsion system with the use of cyclohexane (made by POCh SA, analytical grade) as the organic phase. The titanium precursor was titanium sulfate (made by Chemical Works Police SA) with the following physicochemical parameters: concentration 80-90 g TiO 2 /dm 3 , density 1250-1270 g/dm 3 , and pH < 1. The precursor of SiO 2 was a 5% aqueous solution of sodium silicate (technically filtered water/glass, Vitrosilicon SA) containing 27.18% SiO 2 and 8.5% Na 2 O and 1390 g/dm 3 in density. The emulsifiers were nonylphenylpolyoxyethyleneglycol ethers (C 9 H 19 PhO(CH 2 CH 2 O) n H) with mean oxyethylenation extent 3 (NP3) and 6 (NP6) purchased from Sigma-Aldrich. These pigments were subjected to surface modification with selected alkoxysilanes, see [41, 42, 61] . Surface modification of titanium dioxide and TiO 2 -SiO 2 composite material was carried out in a reactor of 500 dm 3 in capacity. The silane coupling agents were hydrolysed in the methanol/water system (4/1 v/v) and from this solution they were deposited directly onto the surface of titanium dioxide and TiO 2 -SiO 2 . The solution contained a given silane coupling agent in the amount of 0.5, 1, or 3 weight parts by mass of TiO 2 or TiO 2 -SiO 2 (100.0 g). Then the system was stirred for 1 hour to homogenise the sample with the solution of the modifying agent, and the solvent was distilled off. The silane-grafted samples were dried at 105
• C for 2 hours. The obtained samples were subjected to characterisation. On the surface of the TiO 2 or TiO 2 -SiO 2 support modified with aminosilane, a condensation reaction takes place between hydrolised ≡Si-OH groups of the aminosilane and the silanol, aluminol or ≡Ti-OH from the inorganic support see Figure 2 .
Determination of Physicochemical Properties.
Determination of certain physicochemical parameters was undertaken to verify the effectiveness of TiO 2 or TiO 2 -SiO 2 surface modification with selected alkoxysilanes. For the TiO 2 and TiO 2 -SiO 2 composite material samples, the particle size distributions were determined using a Zetasizer Nano ZS, made by Malvern Instruments Ltd., permitting measurements of particle diameters in the range of 0.6-6000 nm (noninvasive backscattering technique-NIBS). The measurement involves passing through the material a red laser beam of wavelength 663 nm. During measurement the intensity of fluctuations of scattered light is identified, these representing illuminated particles of the sample. The particles within the fluid exhibit Brownian motion, which makes the measurement possible. Each sample was prepared by dispersing 0.01 g of the tested product in 25 cm 3 of isopropanol. The system was stabilised in an ultrasonic bath for 15 minutes, and then it was placed in a cuvette and analysed. Cumulant analysis gives a width parameter known as the polydispersity, or the polydispersity index (PdI). The cumulant analysis is actually the fit of a polynomial to the log of the G1 correlation function [62] :
The value of b is known as the second order cumulant, or the z-average diffusion coefficient. The coefficient of the squared term, c, when scaled as 2c/b 2 , is known as the polydispersity.
The surface morphology and microstructure of the TiO 2 or TiO 2 -SiO 2 samples were examined on the basis of the SEM images recorded from an EVO40 scanning electron microscope made by Zeiss. Before testing, the samples were coated with Au over a period of 1 minute using a Balzers PV205P coater.
In order to characterise the adsorption properties, nitrogen adsorption/desorption isotherms at 77 K and parameters such as surface area (A BET ), total volume (V p ), and mean size (S p ) of pores were determined using an ASAP 2020 instrument (Accelerated Surface Area and PorosimetryMicromeritics Instrument Co.). All samples were degassed at 120
• C for 4 hours prior to measurement. The surface area was determined by the multipoint Brunauer-Emmett-Teller method using the adsorption data as a function of relative pressure (p/ p 0 ). The Barrett-Joyner-Halenda method was applied to determine the pore volume and the average pore size.
The TiO 2 and TiO 2 -SiO 2 composite material were also subjected to crystalline structure determination using a wide angle X-ray scattering method. The results were analysed employing XRAYAN software. The diffraction patterns were taken using a TUR-M62 horizontal diffractometer, equipped with an HZG-3 type goniometer. Nickel-filtered Cu Kα radiation (λ = 1.5418Å) was used in the measurements. The measurement conditions were as follows: anode voltage 30 kV, anode current 15 mA. The samples were scanned at a rate of 0.04
• over an angular range of 3-60
• . Moreover, the surface composition of TiO 2 -SiO 2 (contents of Ti and Si) was analysed by energy dispersive Xray spectroscopy (EDS) using a Princeton Gamma-Tech unit Journal of Nanomaterials 5 equipped with a prism digital spectrometer. Representative parts (500 μm 2 ) were analysed for proper surface composition evaluation. EDS technique is based on an analysis of Xray energy values using semiconductor. Before the analysis, samples were placed on the ground, with a carbon paste or tape. The presence of carbon materials is needed to create a conductive layer which ensure the delivery of electric charge from the sample.
Selected samples of TiO 2 and TiO 2 -SiO 2 composite material were subjected to elemental analysis using an Vario EL Cube apparatus made by Elementar Analysensysteme GmbH. A 10 mg portion of the sample was placed in an 80-position autosampler. After that the sample was moved to the instrument in which it was combusted in an oxygen atmosphere. After passing through appropriate catalysts in a helium stream, the resulting gases were separated in a adsorption column, and then recorded using a katharometer. The results are given as an average of three measurements with ±0.001% each.
Dependences of the zeta potential versus pH for TiO 2 and TiO 2 -SiO 2 samples, both unmodified and subjected to surface modification with selected alkoxysilanes, were established to check the effect of the modifier and its quantity on the zeta potential. Using a Zetasizer Nano ZS equipped with an autotitrator (Malvern Instruments Ltd.) it was also possible to measure electrophoretic mobility and indirectly the zeta potential, using laser Doppler velocimetry (LDV). The electrokinetic potential was measured in the presence of a 0.001 M NaCl electrolyte over the whole considered pH range (2-11), which enabled determination of the electrokinetic curves. To perform the measurements, 0.01 g of a sample was dispersed in 25 cm 3 of electrolyte. Then 10 cm 3 of the so prepared sample was placed in a titrator enabling automatic titration of the system either with an acid (0.2M HCl) or with a base (0.2M NaOH). The measurements gave the dependence of the zeta potential versus pH. The accuracies of the measurements were ±0.01 mV (zeta potential) and ±0.01 (pH). To avoid possible measurement errors, every sample was measured three times. The standard deviation of the zeta potential at a given pH was ±1.7 mV or less, and the error in the pH was estimated to be 0.03 pH units or lower.
Results and Discussion
Dispersive and Morphological Properties of Unmodified
Titania and TiO 2 -SiO 2 Composite Material. The aim of the first stage of the study was the characterisation of morphology and dispersive properties of the pigments based on commercial TiO 2 and synthetic TiO 2 -SiO 2 composite material. The particle size distribution according to volume contribution obtained for Tytanpol A11 is presented in Figure 3 (a), and shows one band covering the particle diameters from 342 to 6440 nm; the maximum volume contribution of 10.6% comes from particles of 825 nm diameter. The polydispersity index of this pigment is 0.218. The particle size distribution of Tytanpol R001, Figure 3 (b), reveals one band corresponding to primary particles and secondary agglomerates of diameters from 255 to 6440 nm.
The maximum volume contribution of 12.3% comes from agglomerates of 5560 nm diameter. As follows from this distribution, primary particles and aggregates account for 32.5%, and secondary agglomerates 67.5%, of the sample volume. The polydispersity index of this sample is 0.242. The particle size distribution of Tytanpol R213 (Figure 3(c) ) shows one broad band, corresponding to primary and secondary agglomerates with diameters ranging from 190 to 6440 nm (the maximum volume contribution of 10.2% corresponds to agglomerates of 5560 nm diameter). The polydispersity index of this pigment is 0.233. The particle size distribution of the TiO 2 -SiO 2 composite material, sample TP10 (see Figure 3 (d)), shows one relatively narrow band covering the diameters from 342 to 1110 nm, with the maximum volume contribution of 22.8% coming from aggregates 712 nm in diameter. The polydispersity index of TP10 is 0.197, which means that this sample is rather homogeneous.
The results presented prove that all the samples studied have similar homogeneities (almost the same polydispersity index values). It is worth noting that the synthetic composite material sample contains particles of smaller diameter than those in the commercial TiO 2 . The SEM microphotographs of the samples studied presented in Figure 4 confirm the presence of particles of small diameter (corresponding to those indicated in particle size distributions), high homogeneity, almost spherical shape, and showing little tendency to form agglomerate structures. 2 Composite Material. Characterisation of the adsorption properties of TiO 2 -and TiO 2 -SiO 2 -based pigments included determination of the nitrogen adsorption/desorption isotherms and calculation of the surface area, pore size and volume. The isotherms measured for TiO 2 pigments and TiO 2 -SiO 2 composite material were classified as type II with hysteresis loops type H3 (R213) and type H4 (A11, R001, and TP10), indicating the nonporous solids, with large secondary slit-like pores formed between small particles aggregates [63] ; see Figure 5 . The greatest surface areas (BET), of 35 and 36 m 2 /g, were found for Tytanpol R213 and TiO 2 -SiO 2 (sample TP10), respectively. In few papers has been reported that the addition of silica or alumina to titanium dioxide not only improves the mechanical properties, as well as abrasion resistance of the system, but gives products of highly developed specific surface area [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . For TP10 this observation can be explained by the dominant contribution of SiO 2 (70.16%), as proved by chemical composition analysis by the EDS method, see Figure 6 . This analysis also confirmed that the content of titanium dioxide in the composite material obtained reached almost 29.84%. For the R213 sample the large surface area is related to the surface modification with alumina and silica, that is, Al 2 O 3 4.7%, and SiO 2 8.3%. The inorganic treatment with aluminium oxide and silica considerably increases the surface area as both these substances, and silica in particular, have a well-developed surface. The influence of silica on the surface area of titanium dioxide depends on its physicochemical properties. The hysteresis loop of R213 TiO 2 covers the relative pressure range p/ p 0 = 0.6-0.99. The mean pore diameter of this substance is 9.8 nm and the total pore volume is 0.09 cm 3 /g. The nitrogen volume adsorbed on R213 titania reaches 75 cm 3 /g at p/ p 0 = 0.99. For TiO 2 -SiO 2 composite material, the nitrogen volume adsorbed at p/ p 0 = 0.99 is much lower (36 cm 3 /g), its mean pore diameter is 4.6 nm, while the total pore volume is 0.04 cm 3 /g, much lower than for sample R213. The samples Tytanpol A11 and R001 show low specific surface area; their surface areas (BET) are 10 and 14 m 2 /g, respectively. For these two samples the amount of nitrogen adsorbed for relative pressure in the range p/ p 0 = 0-0.8 slowly increases; above p/ p 0 = 0.8 the amount of nitrogen adsorbed rapidly increases to reach a maximum value of 26 cm 3 /g at p/ p 0 = 0.99. For A11 the mean pore diameter is 7.6 nm and the total pore volume is 0.02 cm 3 /g, while for R001 these parameters are 7.6 nm and 0.03 cm 3 /g respectively. In contrast to the results of dispersive characteristics, determination of the adsorption properties confirmed that specific surface areas increase with the corresponding increase in volume contribution of the primary particles in the sample. Parameters, such as the specific surface area of inorganic oxide systems, play an important role in the adsorption of selected organic compounds (functionalisation of TiO 2 surface with inorganic oxides and its effectiveness). The crystalline structures of selected samples were studied by the WAXS method. The structural character of pigments determines their suitability for particular applications (e.g., photocatalysis, paints and lacquers industry). Titanium dioxide of a given crystalline structure can be identified by the WAXS for certain values of 2Θ. Figure 7 presents the WAXS patterns of selected samples showing that A11 has the anatase structure, while R213 has the rutile structure. WAXS analysis of synthetic composite material (TP10) confirmed that titanium dioxide occurs mainly as the rutile form, with a small contribution of anatase.
Structural Characteristic of Unmodified Titania and TiO 2 -SiO
Journal of Nanomaterials surface properties and stability of dispersion. Changes in the zeta potential with pH and the isoelectric point values strongly depend on the type and amounts of inorganic substances used for surface modification. In many papers has been noted that the isoelectric point for unmodified titanium dioxide is at pH 4, for silica it is pH 2 [48, [75] [76] [77] , while for aluminium oxide it is pH 9 [48, 77, 78] . The plots of zeta potential versus pH determined for the commercial titanium dioxide pigments and TiO 2 -SiO 2 composite material are shown in Figure 8 . Wilhelm and Stephan [79] mentioned that the isoelectric point of the titania particles appears at 4.4-7.0, depending on the method of synthesis. The IEP of A11 sample occurs at a pH of 3.42, its maximum zeta potential is 39.0 mV, while the minimum one is −56.0 mV. For R001, whose surface is modified with aluminium oxide, IEP is shifted towards a higher pH (7.78). The maximum zeta potential is 53.4 mV at pH 1.67, while its minimum value is −51.8 mV at pH 11.8. The electrokinetic curve for R213 has a different character. Its IEP occurs at pH 5.07, its maximum zeta potential is 23.2 mV, while the minimum one is −49.7 mV. For R213 with surface modified with aluminium oxide and silica (4.7% Al 2 O 3 and 8.3% SiO 2 ) the IEP is shifted towards a lower pH than the IEP of R001 sample. Synthetic TiO 2 -SiO 2 composite material (TP10) composed of 70.16% silica has the IEP value shifted towards 2.16 (confirmed by Urbanus et al. [80] , who demonstrated that the IEP of TiO 2 -SiO 2 is approximately 2.5), its maximum zeta potential value is 4.2 mV, while the minimum one is -60.5 mV. TiO 2 nanoparticles with different surface properties were obtained by Liao et al. [56] by a method in which surfactants were introduced during synthesis. They confirmed that the zeta potential values of TiO 2 nanoparticles differed depending on the use of different titanium precursors and introduction of different surfactants. 2 Composite Material. At the next stage of the study, the physicochemical properties of titanium dioxide and TiO 2 -SiO 2 composite material functionalised with selected alkoxysilanes were characterised. The main aim of the study was to evaluate the efficiency of the functionalisation process of commercial titanium dioxide as well as TiO 2 -SiO 2 composite materials and determination of the effect of this process on the fundamental physicochemical properties of the systems obtained. Table 2 gives the dispersive characterisation of the modified TiO 2 and TiO 2 -SiO 2 samples.
Electrokinetic Behaviour of TiO
Dispersive and Morphological Properties of Modified Titania and TiO 2 -SiO
The substantial differences in the mean diameters of TiO 2 particles modified with three different modifying agents in different amounts imply that the silanes used have a great effect on the dispersive parameters of the final products. The dispersive characteristics (Table 2) show that noticeable changes in the particle size of modified TiO 2 appear independently of the type and quantity of the modifying agent. According to the results, by far the best dispersive properties are shown by TiO 2 -SiO 2 composite material functionalised with selected alkoxysilanes (irrespective of the quantity of silane used for functionalisation). All samples of the silane grafted composite material had particles of smaller diameter than those determined in the samples based on the commercial titanium dioxide. TiO 2 and TiO 2 -SiO 2 surface functionalisation with selected alkoxysilanes was not observed to have any significant influence on the dispersive characteristics of the composite systems obtained. Surface modification of A11 titanium dioxide with the silanes significantly enhanced the tendency of the sample particles to agglomerate, manifested by an increased volume contribution from secondary agglomerates. In most samples, the functionalisation of inorganic support with selected silane coupling agents (in relation to the amount of silane used) contributed to a decrease in the sample's homogeneity (higher polydispersity index)-see Table 2 -compared to that of unmodified support.
Figures 9 and 10 present selected particle size distributions and SEM microphotographs of TiO 2 and TiO 2 -SiO 2 composite material functionalised with different silanes, confirming the data presented in Table 2 . 2 Composite Material. At the next stage of the study, the adsorption properties of the modified titanium dioxide and TiO 2 -SiO 2 samples were characterised. The fundamental parameters determining the surface activity of the modified samples, specific surface area (BET) and pore size distribution, are given in Table 3 . Analysis of the data presented in Table 3 inform that the greater the amount of the modifying agent, the smaller the surface area (BET). Most probably it is a consequence of the fact that the active centres (silanol, aluminol, ≡Ti-OH groups) on the surface of TiO 2 and TiO 2 -SiO 2 are blocked by the modifier molecules. A considerable decrease in the surface area relative to that of the unmodified sample was observed for all modified samples. Modification with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (U-15D) was more effective compared with samples modified with U-511 and U-611. Addition of any of the modifiers resulted in a decrease in the pore diameters relative to those in unmodified TiO 2 and TiO 2 -SiO 2 , irrespective of the quantity of modifier. In contrast to the results for dispersive characteristics, determination of the adsorption properties confirmed the effectiveness of modification and revealed that modification induced changes in the character of the samples' surfaces. Direct evidence of the efficiency of the modification process comes from elemental analysis, which results in permitted estimation of the coverage degree of TiO 2 and TiO 2 -SiO 2 samples with selected alkoxysilanes. The number of surface functional groups N R (nm −2 ), which informs us about the density of modifier grafted on the TiO 2 or TiO 2 -SiO 2 surface, was calculated from the results of elemental analysis and BET measurement. N R is defined as the number of methacryloxy, vinyl, propyl, aminoethyl, or aminopropyl groups on TiO 2 or, TiO 2 -SiO 2 , surface per 1 nm −2 and is expressed using (2) presented below:
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where C is the carbon content obtained from the result of elemental analysis for the analysis sample, n is the number of carbon in the silane coupling agents except methoxy groups, N A is Avogadro's number, and S is the specific surface area of the analysed sample [81] . Table 4 gives the concentration of the modifier and the results obtained from elemental analysis and BET measurement. The content of carbon, hydrogen, and nitrogen increased and surface area decreased, with increasing concentration of the modifier.
For the samples modified with U-15D silane, the C/N values, defined as molar ratio of carbon to nitrogen, were close to 3. This indicates that most of the methoxy groups in U-15D have hydrolysed and the aminopropyl groups remain on the TiO 2 or TiO 2 -SiO 2 surface. The value of N R for samples R001 and A11 modified with U-15D increased to 19 and 21, respectively, while that of samples R213 and TP10 increased to 5. The N R value of the samples modified with U-15D was different from those of samples modified with U-511 and U-611 at the same concentration of modifier, because of the different reaction mechanisms. It is well known that silane coupling agents are first hydrolysed to silanols, and then condensation reactions between the silanols and surface hydroxyl groups on the substrate take place. However, special interaction between aminosilane and the TiO 2 or TiO 2 -SiO 2 surface also occurs, causing this higher reactivity than in the U-511 and U-611 case, observed in the N R value, see Table 4 . Various types of interactions between aminosilane and the TiO 2 surface have been proposed in the literature [82, 83] .
The degrees of coverage of the TiO 2 or TiO 2 -SiO 2 with modifiers were also evaluated on the basis of the Berendsen and de Golan equation [84] , using the results of elemental analysis:
where P is the degree of coverage, C the carbon content of the sample, N C the number of carbon atoms in the attached molecule, M the molar mass of the attached compound, and A the specific surface area of the support. With increasing amount of appropriate silane used for the modification the increase in the elemental content of the analysed elements was noted along with a significant increase in the degree of coverage values. The greatest degrees of coverage were found for the samples modified with U-15D. The degree of coverage values for the samples modified with U-611 were lower from those of samples modified with U-15D and U-511, at the same amount of modifier. Figure 11 presents the electrokinetic curves estimated for aminosilane-grafted commercial titanium dioxide.
Electrokinetic Properties of Modified TiO
Surface modification of A11 titanium dioxide with different amounts of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (U-15D) (see Figure 11 (a)) resulted in significant changes in the character of the electrokinetic curves. These plots differ considerably from the reference plot obtained for unmodified titanium dioxide A11 (its IEP is 3.42, Roessler et al. [85] reported that IEPs for anatase vary between 3 and 6.6). After modification with 0.5, 1, and 3 wt./wt. of U-15D silane, the isoelectric points were 5.12, 6.72, and 9.40, respectively, so the IEP values increased with an increasing amount of the modifying agent used for surface functionalisation. This significant increase in IEP values is attributed to the strong ionisation effect of -NH 2 groups. Ionisation of these groups also plays an important role in changes in the surface charge of TiO 2 . When the density of H + ions is high, NH 3 + groups start to form and hence the positive charge of modified TiO 2 appears. With increasing concentration of H + ions, the process of ionisation is restricted and the surface charge decreases. For the A11 sample modified with U-15D silane, the zeta potential takes positive values in almost the entire acidic pH range. Cai et al. [86] confirmed the isoelectric point of pH = 7 for titania film functionalised with (3-aminopropyl) triethoxysilane.
Modification of anatase surface with the other two silanes studied did not result in considerable changes in the character of the relevant electrokinetic curves; they were similar to that recorded for the unmodified sample. This observation was confirmed by the isoelectric points of the modified samples. For A11 modified with 0.5, 1, and 3 wt./wt. of U-511 silane, the IEP takes the values of 3.21, 3.30, and 3.63, and for titanium dioxide modified with 0.5, 1, and 3 wt./wt. of U-611 silane the isoelectric points occur at lower pH, that is, at 3.42, 3.22, and 4.75, respectively. also for the R001 sample modified with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane the electrokinetic curves were shifted towards higher pH values. The isoelectric point of TiO 2 modified with 0.5 wt./wt. of U-15D silane is 7.92, while its values for the samples modified with 1 and 3 wt./wt. are 8.42 and 9.56, respectively. The shift of IEP towards higher pH is caused by a strong ionisation effect of -NH 2 groups coming from the modifying agent. Again the other silanes did not cause significant changes in the surface charge of the composite systems obtained. Functionalisation of R001 titanium dioxide surface with 3-methacryloxypropyltrimethoxysilane caused a small shift of the electrokinetic curves towards more acidic pH. For R001 modified with 0.5 and 1 wt./wt. of U-511, the isoelectric points are at 7.00 and 6.40, respectively, whereas for R001 sample modified with 3 wt./wt. of U-511 silane the IEP is at 5.15. Such differences were not observed if vinyltrimethoxysilane (U-611) was used for TiO 2 surface modification. For TiO 2 which surface was functionalised with this silane in the amounts of 0.5, 1, and 3 wt./wt., the isoelectric points occur at 7.39, 7.98, and 6.72, respectively. Similar observations were made analysing the electrokinetic results for R213 titanium dioxide modified with selected alkoxysilanes. For titanium dioxide R213 modified with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane in different amounts, the electrokinetic curves were observed to be shifted towards higher pH (see Figure 11(c) ). The IEP of the unmodified R213 sample occurs at a pH of 5.07. For R213 modified with 0.5, 1 and 3 wt./wt. of U-15D silane, the IEP is observed at 6.53, 7.56, and 9.32, respectively. Surface modification of R213 titanium dioxide with U-511 silane, similarly as that of R001, caused a shift of the electrokinetic curve towards lower pH, with respect to that recorded for unmodified TiO 2 . The shift was also confirmed by changes in IEP, which for R213 sample modified with 0.5 wt./wt. of U-511 was at pH 4.79, for R213 modified with 1 wt./wt. of U-511 was at 4.66, and for R213 modified with 3 wt./wt. of U-511 was at 2.68. Again, application of vinyltrimethoxysilane for TiO 2 surface modification did not cause significant changes in the electrokinetic character of the products obtained. When the R213 sample was modified with 0.5, 1, and 3 wt./wt. of U-611 silane, the IEP occurred at pH 4.83, 5.04, and 4.39, respectively.
At the subsequent stage of the study, zeta potential was measured for TiO 2 -SiO 2 composite material modified with three different alkoxysilanes in different amounts. Figure 12 presents the electrokinetic curves of TiO 2 -SiO 2 composite material modified with U-15D silane. The IEP of unmodified TiO 2 -SiO 2 is at 2.16. Surface modification of synthetic composite material with this silane caused significant changes in its electrokinetic properties, observed also for A11 titanium dioxide. The changes were manifested as the electrokinetic curves and IEP shifts towards higher pH in comparison to those of the unmodified TiO 2 -SiO 2 sample. For TiO 2 -SiO 2 modified with 0.5, 1, and 3 wt./wt. of U-15D, the IEPs appear at 6.02, 7.78, and 9.81, respectively. This significant shift of IEP towards higher pH values is caused by the strong ionisation effect of -NH 2 groups originating from the modifying agent (U-15D). It is worth mentioning that for TiO 2 -SiO 2 modified with 0.5 wt./wt. of U-511 silane the isoelectric point is at 1.88, but for the samples modified with 1 and 3 wt./wt. of U-511, IEP was not obtained as the measurements of zeta potential versus pH in 0.001 M NaCl for the TiO 2 -SiO 2 modified with U-611 silane in different amounts did not permit exact determination of IEP. The other silanes do not contain in their structure the functional groups that are able to change the surface charge of the composite systems obtained and hence influence the electrokinetic characteristics.
The probable mechanism of surface charge changes of TiO 2 or TiO 2 -SiO 2 surface modified with U-15D silane as a function of pH of the medium is presented in Figure 13 
Conclusions
According to the results presented and discussed above, the character of the surface of inorganic oxide systems like TiO 2 or TiO 2 -SiO 2 can be modified by simple chemical methods. No significant effect of the silanes used on the dispersive characteristics and morphology of the composite materials obtained was noted. However, significant changes were found in the adsorption properties of the modified samples. The specific surface areas of TiO 2 and TiO 2 -SiO 2 composite material, modified with the selected silanes, decreased with increasing amount of the silane deposited. The smallest was the specific surface area of TiO 2 (Tytanpol A11 and R001) modified with 3 weight parts by mass of The efficiency of selected alkoxysilanes' grafted onto titania or TiO 2 -SiO 2 synthetic composite support was indirectly confirmed by elemental analysis, proving that the degree of surface coverage with a modifying agent increases with increasing concentrations of the silanes used for inorganic surface functionalisation.
The zeta potential changes as a function of pH as well as the IEP values of the commercially available titanium dioxides strongly depend on the type and amount of the inorganic agents used for modification of their surfaces, as well as on the amount and type of alkoxysilane used. For titanium dioxide and TiO 2 -SiO 2 composite material modified with 3-methacryloxypropyltrimethoxysilane (U-511) and vinyltrimethoxysilane (U-611), the IEP values showed a tendency to shift towards lower pH with increasing amount of the modifying agent used. For the samples modified with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (U-15D) the reverse tendency was noted. The most pronounced changes in the electrokinetic properties were observed for titanium dioxide and TiO 2 -SiO 2 composite material modified with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane. These changes were attributed to specific interactions of -NH 2 groups in acidic or alkaline enviroment, that is, to their ability to attach or abstract potential forming ions, such as H + . According to the above presented and discussed results, the surface character of titanium dioxide and TiO 2 -SiO 2 can be modified by simple chemical method, which extends the spectrum of their applications. 
